Introduction {#s1}
============

Epithelial ovarian cancer (EOC) accounts for over 90% of all ovarian malignancies and is primarily a disease of postmenopausal women, occurring most commonly in sixth and seventh decades of life [@pone.0089841-Jemal1]. It represents the most common cause of death among women with gynecologic malignancies and the overall 5-year survival rate is only 30% [@pone.0089841-Bray1].

At present, standard treatment for ovarian cancer involves tumor debulking and platinum-based chemotherapy [@pone.0089841-Suh1]. The response to this regime is at least 70% of cases, however, 60--80% of first responders will relapse within 18 months with a platinum-resistant disease [@pone.0089841-Gubbels1].

Cisplatin (DDP), a noncycle-dependent cytotoxic platinum derivative, has been frequently used in different solid tumors, including gastric, testicular, urologic, head, neck, and ovarian cancer [@pone.0089841-Bottone1]. Platinum compounds exert their cytotoxic effect by forming intrastrand platinum-DNA cross-links. This inhibits DNA replication and ultimately leads to apoptosis [@pone.0089841-Marsh1]. However, like other anticancer drugs, cisplatin-resistance remains a significant obstacle to its clinical success. Most patients with recurrent ovarian cancer will eventually develop platinum-resistant disease [@pone.0089841-Jelovac1], making tumor cells refractory to therapy. Therefore, it is necessary to seek new economic and effective chemotherapy drugs which have antitumor activities and/or increase antitumor responses to platinum-based chemotherapy.

Doxycycline (DC) is a kind of second-generation tetracyclines which is commonly used to treat a variety of infections. Current studies have demonstrated that doxycycline is a pluripotent drug that affects many anticarcinogenic functions, including anti-tumor growth effect on human oral squamous-cell carcinoma and inhibition of migration of melanoma cells [@pone.0089841-Shen1]--[@pone.0089841-Sun1]. Doxycycline also has a potential for enhanced therapeutic activity of biological cancer therapies [@pone.0089841-Tang1]. However, the effect of doxycycline on epithelial ovarian cancer cells and the underlying mechanisms remain unknown.

Therefore, in our experiment, we aim to demonstrate that doxycycline has an anticancer activity on epithelial ovarian cancer cells, and to further explore the underlying mechanisms involved.

Materials and Methods {#s2}
=====================

Ethics statement {#s2a}
----------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All procedures in this study were approved by the Institutional Animal Care and Use Committee of Second Military Medical University. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Cell culture and reagents {#s2b}
-------------------------

Human ovarian cancer cell lines HO8910 was obtained from department of pathophysiology of Second Military Medical University. SKOV3 and its cognate cisplatin-resistant cells SKOV3/DDP were obtained from ATCC (American Tissue Culture Collection). SKOV3.ip cells were provided by the Department of Gynecology and Obstetrics, Shanghai First People\'s Hospital (obtained from ATCC). Cells were maintained in RPMI-1640 medium with 10% fetal bovine serum at 37°C in a humidified 5% CO~2~ atmosphere. Cisplatin, doxycycline, SDF-1α, antibody against β-actin were purchased from Sigma-Aldrich. Antibodies against CXCR4, phosphor-Akt, total Akt, phosphor-ERK, total ERK, MMP-2, MMP-9, caspase-3 were purchased from Cell Signaling Technology. Transwell kit was purchased from BD, USA. ELISA kit was purchased from R&D, USA. Cell apoptotic kit was purchased from Roche, USA. Small interfering RNAs were synthesized by Genepharma Company (Shanghai, China). Xfect Transfection Agent was purchased from Clontech, USA. RNeasy minikit was purchased from QIAGEN, Clifton Hill, Australia.

MTT assay {#s2c}
---------

As we reported before^11^, the MTT (methylthiazoltetrazolium) assays were conducted to assess cell viability. Cells suspension were seeded in 96-well plates after 12 h for attachment then treated with different concentrations of cisplatin or doxycycline. Drug-treated cells were incubated for 48 h and then 5 mg/ml MTT solution was added to the cultures for an additional 3--4 h. Finally, the medium containing MTT was aspirated off and 100 µl DMSO solution was added. As a result, living cells formed crystals due to the presence of MTT. Crystals were dissolved by DMSO and the absorbance was measured at 490 nm by an immunosorbent reader.

Real-time PCR {#s2d}
-------------

Total RNA was isolated using a RNeasy minikit (QIAGEN, Clifton Hill, Australia). Two µg total RNA was reversely transcribed to cDNA in a 25-µl reaction containing 15 nmol/L MgCl2, 375 mmol/L KCl, 50 mmol/L dithiothreitol, 250 mmol/L Tris-HCl (pH 8.3), 10 mmol/L all four dNTPs, 20 U RNase inhibitor, 200 U M-MLV reverse transcriptase, and 50 ng oligo18 primer. The mixture was incubated at 70°C for 5 min and then at 42°C for 60 min followed by 10 min at 70°C. The following primers were used: CXCR4, 5-CCAACGTCAGTGAGGCAGAT-3 (forward) and 5-GGCAGGATAAGGCCAACCAT-3 (reverse); β-actin, 5-GTGGGGCGCCCCAGGCACCA-3 (forward) and 5-CTCCTTAATGTCACGCACGATTTC-3 (reverse). Real-time PCR was carried out using Rotor-Gene 3000 (Corbett Research, Sydney, Australia) in a 25-µL reaction mixture. 2× Taq PCR master mix and 0.2 µmol/L each primer were used. Real-time PCR conditions were optimized according to preliminary experiments to achieve a linear relationship between RNA concentration and PCR products. The specificity of the primers was verified by examining the melting curve as well as subsequent sequencing of the real-time RT-PCR products. Distilled water was used in place of cDNA as a negative control. All samples were normalized against internal β-actin control. Gene expression was calculated using the comparative threshold cycle (Ct) method.

Western-blot analysis {#s2e}
---------------------

As we reported previously [@pone.0089841-Hanjun1], cells were harvested and homogenized in cold lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% deoxycholic acid sodium salt, 0.1% SDS, and a protease inhibitor mixture) using a homogenizer. Total protein concentration was determined by the Bradford method using bovine serum as a standard. Equal amounts of proteins were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. After blocked in blocking buffer consisting of 20 mM Tris-HCl, Ph 7.4,137 mM NaCl, 0.1% Tween 20, and 5% nonfat milk for 2 h at room temperature, membranes were incubated overnight at 4°C in primary antibody (anti-β-actin 1∶1000, anti-CXCR4 1∶1000, anti-phosphor-Akt 1∶1000, anti-total-Akt 1∶1000, anti-phosphor-ERK 1∶1000, anti-total-ERK 1∶1000, anti-MMP-2 1∶1000, anti-MMP-9 1∶1000). The blots were then incubated with HRP-conjugated secondary antibody (1∶1000, Santa Cruz) for 2 h at room temperature, and finally visualized in ELC solution. For 1 min and exposed onto Kodak film for 1--30 min. For control of correct gel loading, β-actin quantification was used. To quantify Western blot signals, band density was measured using UMAX PowerLook III and normalized with respect to the control.

ELISA assay {#s2f}
-----------

The amounts of SDF-1 in the conditioned media were determined using sandwich ELISA (sensitivity 15 pg/ml) according to manufacturer\'s protocols.

Cell invasion assay {#s2g}
-------------------

SKOV3 and SKOV3/DDP cell invasions were evaluated using 24-well transwell cell culture chambers with 8.0 µm pore polycarbonate filter inserts. The filters were firstly coated with BD matrigel. The stock solution of matrigel was diluted using serum-free RPMI-1640 medium (1∶1). An amount of diluted matrigel was painted into each filter insert and stayed at room temperature for 10--15 minutes to dry. Then, cultured cells were trypsinized and suspended in serum-free RPMI-1640 medium at a concentration of 2×10^5^ ml. A total of 500 µl of 10% FBS/RPMI-1640 medium or 500 µl of 50 ng/ml SDF-1 solution was added to the lower chamber and 100 µl cell suspension was applied to coated insert filters. The chamber was incubated for 3 h to allow cell attachment then cells were treated with doxycycline. The chamber was incubated for 36 h to allow cell invasion; the insert was then fixed with dehydrated alcohol for 15 minutes, and then stained with 0.1% crystal violet for 15 minutes and washed with 1×PBS. The unneeded cells on the upper or lower side of filter were scraped. The membrane was mounted on a slide and then examined under a microscope using 20× magnification. Invasion was quantified by measuring the stained cells in three random areas per membrane.

Flow cytometric analysis of cell apoptosis {#s2h}
------------------------------------------

Cells were collected and double stained with phycoerythrin-conjugated Annexin V and PE according to the manufacturer\'s instructions. Annexin V--positive cells were considered apoptotic, and their percentage of the total number of cells was calculated. Ten thousand events were collected for each sample using a Becton Dickinson FACScan (Flow Cytometry Facility, Roswell Park Cancer Institute, Buffalo, NY), and data were analyzed using the Winlist program (VeritySoftware House, Topsham, ME).

siRNA transinfected technology {#s2i}
------------------------------

The target sequences for ERK were 5′- GUGCUCUGCUUAUGAUAAUTT-3′ (sense) and 5′- AUUAUCAUAAGCAGAGCACTT -3′ (antisense). AKT siRNA were: 5- GACGGGCACAUUAAGAUCATT-3 (sense) and 5- UGAUCUUAAUGUGCCCGUCTT -3 (antisense). Scramble siRNA duplexes were designed (5- UUCUCCGAACGUGUCACGUTT -3 and 5- ACGUGACACGUUCGGAGAATT -3) as a negative control (NC). Cells were transfected with 25 nM target siRNAs or control siRNA using Xfect Transfection Agent according to the manufacturer\'s instructions, and transfection was carried out for 24 hr (for AKT and ERK). Subsequently, the culture medium was replaced with 1640 medium supplemented with 10% heat-inactivated FBS. After 48 h, MTT assays were conducted to assess cell viability.

Peritoneal tumor xenograft in nude mice {#s2j}
---------------------------------------

Nude (BALB/c-nu) mice (4 weeks, 18--20 g, provided by Chinese Academy of Science, BeiJing) were divided into three groups: a control group, a tumor group and a doxycycline-treated tumor group. For the tumor group, we injected SKOV3.ip cells to the mice peritoneal cavity at a density of about 8×10^6^/ml. The cells were resuspended in 400 µl serum-free RPMI-1640 medium and then injected. For the doxycycline-treated tumor group, after injected tumor cells for 14 days, doxycycline (3 mg/mouse) was i.p. injected everyday to suppress tumor growth. For the control group, mice were treated with equal volume of PBS. All mice were killed at day 21 after the first injection. Mice weight, tumor sizes and ascites were evaluated in all three groups.

Statistical analysis {#s2k}
--------------------

All data are shown as mean ± S.E.M. Experiments were independently done three times. Unpaired Students\' test was used for two groups of data. One way ANOVA was used for multiple comparisons (SPSS software version 16.0), P-values\<0.05 was considered as statistically significant.

Results {#s3}
=======

Doxycycline inhibits proliferation of epithelial ovarian cancer cells {#s3a}
---------------------------------------------------------------------

After 48 h treatment with cisplatin and doxycycline in different concentrations, cell viability was decreased in a dose-dependent manner in HO8910 ([Fig. S1A](#pone.0089841.s001){ref-type="supplementary-material"}, B), SKOV3 ([Fig. 1A, C](#pone-0089841-g001){ref-type="fig"}) and SKOV3/DDP ([Fig. 1B, D](#pone-0089841-g001){ref-type="fig"}). The IC~50~ of doxycycline in SKOV3 was compared with that in SKOV3/DDP. The results showed that the IC~50~ was 16.33 µg/ml in SKOV3 ([Fig. 1C](#pone-0089841-g001){ref-type="fig"}) and 8.53 µg/ml in SKOV3/DDP ([Fig. 1D](#pone-0089841-g001){ref-type="fig"}) respectively, which indicated that SKOV3/DDP cells were more sensitive to doxycycline treatment than SKOV3 cells.

![MTT tests showing the viability of ovarian cancer cells incubated with indicated concentrations of cisplatin and doxycycline for 48\
SKOV3 (A, C) and SKOV3/DDP (B, D) cell viability was inhibited in a dose-dependent manner by treatment with cisplatin and doxycycline. E, F showed that co-treatment with cisplatin (1.5 µg/ml and 2.5 µg/ml) and doxycycline (10 µg/ml) had a significant growth inhibition in SKOV3 cells compared with that of cisplatin or doxycycline treated alone. G, H showed that when combined doxycycline (2.5 and 5 µg/ml) with different concentrations of cisplatin, the IC~50~ of cisplatin in SKOV3/DDP cells was 3.36 and 2.66 µg/ml respectively. n = 9. \*, *p*\<0.05; \*\*, *p*\<0.01.](pone.0089841.g001){#pone-0089841-g001}

Doxycycline sensitizes ovarian cancer cells to cisplatin {#s3b}
--------------------------------------------------------

We conducted experiments with co-application of cisplatin and doxycycline. Firstly we selected two low doses (1.0 and 1.5 µg/ml) of cisplatin and combined them with low-dose doxycycline (0--10 µg/ml) respectively. In HO8910 cell line, a significant inhibition of cell growth was observed 48 hours after co-application of 1.0 µg/ml ([Fig. S1C](#pone.0089841.s001){ref-type="supplementary-material"}) or 1.5 µg/ml ([Fig. S1D](#pone.0089841.s001){ref-type="supplementary-material"}) cisplatin with 7.5 or 10 µg/ml doxycycline, while cisplatin treated alone lacked the effect. The similar results were shown in SKOV3 cell line, with a significant inhibition of cell growth when combining 1.5 µg/ml ([Fig. 1E](#pone-0089841-g001){ref-type="fig"}) or 2.5 µg/ml ([Fig. 1F](#pone-0089841-g001){ref-type="fig"}) cisplatin with 10 µg/ml doxycycline. Next, we selected two doses (2.5 and 5 µg/ml) of doxycycline and combined them with different concentrations of cisplatin (0--100 µg/ml), respectively. The IC~50~ of cisplatin in the presence of doxycycline (2.5 and 5 µg/ml) was 3.36 µg/ml and 2.66 µg/ml, respectively ([Fig. 1G, H](#pone-0089841-g001){ref-type="fig"}), which was much lower than that of cisplatin alone ([Fig. 1C](#pone-0089841-g001){ref-type="fig"}, IC~50~ = 10.14 µg/ml).

Cisplatin and Doxycycline inhibit the invasion ability of epithelial ovarian cancer cells {#s3c}
-----------------------------------------------------------------------------------------

The effect of cisplatin and doxycycline on the invasion ability of tumor cells was examined by an invasion assay. Firstly, we selected 1.5 µg/ml and 5 µg/ml cisplatin to treat SKOV3 and SKOV3/DDP cells respectively. [Fig. S2A](#pone.0089841.s002){ref-type="supplementary-material"}, B represented tumor cell invasion ability in the presence (c) or absence (d) of cisplatin in both SKOV3 and SKOV3/DDP cells. We found that cisplatin had an inhibitory effect on ovarian cells invasion ability. Then, we selected 10 µg/ml doxycycline to treat SKOV3 cells and 5 µg/ml doxycycline to treat SKOV3/DDP cells. [Figure 2A, B](#pone-0089841-g002){ref-type="fig"} represented tumor cell invasion ability in the presence (c) or absence (d) of doxycycline in both SKOV3 ([Fig. 2A](#pone-0089841-g002){ref-type="fig"}) and SKOV3/DDP ([Fig. 2B](#pone-0089841-g002){ref-type="fig"}) cells. For the first time we found that doxycycline could inhibit the invasion ability of both SKOV3 and SKOV3/DDP cells.

![Inhibition of doxycycline on epithelial ovarian cancer cells invasion.\
Cells were cultured in transwell with indicated doxycycline for 36/DDP cells by 4 and 2 folds respectively. a: 100 µl serum-free cell suspension (after cells attached) with doxycycline-treated (10 µg/ml) in coated insert filters; 500 µl serum-free RPMI-1640 medium with doxycycline (10 µg/ml) in the lower chambers, pictures were photographed from the upper side of the membranes. b: 100 µl serum-free cell suspension in coated insert filters; 500 µl serum-free RPMI-1640 medium in the lower chambers, pictures were photographed from the upper side of the membranes. c: 100 µl serum-free cell suspension (after cells attached) with doxycycline-treated (10 µg/ml) in coated insert filters; 500 µl 10%FBS/RPMI-1640 medium in the lower chambers, pictures were photographed from the lower side of the membranes. **d**: 100 µl serum-free cell suspension in coated insert filters; 500 µl 10%FBS/RPMI-1640 medium in the lower chambers, pictures were photographed from the lower side of the membranes. c/a represents the ratio of cells coming though the membrane of filter insert with doxycycline treatment. d/b represents the ratio of cells coming though the membrane of filter insert without doxycycline. C, D showed that Doxycycline inhibits sdf-1α-induced invasion in both cell lines and a moderate apoptosis induced by doxycycline in SKOV3/DDP cells and inhibition by doxycycline on SDF-1α secretion in SKOV3 cells. C: SDF-1α increased the invasion of SKOV3 cells by 9 folds which was inhibited by doxycycline (10 µg/ml). D: SDF-1α only increased the invasion of SKOV3/DDP cells by 1.5 folds which was inhibited by doxycycline (5 µg/ml). n = 3,\*, *p*\<0.05,\*\*, *p*\<0.01.](pone.0089841.g002){#pone-0089841-g002}

Doxycycline inhibits SDF-1α-induced tumor cell invasion in ovarian cancer cells {#s3d}
-------------------------------------------------------------------------------

SDF-1α is a member of chemokines and plays an important role in the metastasis of ovarian cancer [@pone.0089841-Barbieri1]. In order to investigate whether SDF-1α could promote the invasive ability of ovarian cancer cells, we then changed the induced-factor (10% FBS) to SDF-1α (50 ng/ml). As shown in [Fig. 2C](#pone-0089841-g002){ref-type="fig"}, SDF-1α increased the invasion of SKOV3 cells by 9 folds, which could be significantly inhibited by doxycycline. While in SKOV3/DDP cells, SDF-1α in the same dose only increased the invasion ability by 1.5 times, which could also be inhibited by doxycycline ([Fig. 2D](#pone-0089841-g002){ref-type="fig"}).

Doxycycline induces apoptosis of SKOV3/DDP but not of SKOV3 cells {#s3e}
-----------------------------------------------------------------

The apoptotic ratio was tested in two cell lines after treatment with 5, 10 and 20 µg/ml doxycycline for 12 h. As shown in [Figure 3A](#pone-0089841-g003){ref-type="fig"}, doxycycline (20 µg/ml) increased apoptosis of SKOV3/DDP cells by 13 folds while had no effect on SKOV~3~ cells.

![A moderate apoptosis induced by doxycycline in SKOV3/DDP cells and inhibition by doxycycline on SDF-1α/CXCR4 axis in SKOV3 cells.\
A: Flow cytometric analysis showing the cell apoptosis after treatment with different concentrations of doxycycline for 6 h. 20 µg/ml doxycycline increased the apoptosis of SKOV3/DDP cells by 13 folds. B: ELISA analysis showing doxycycline (10 µg/ml) inhibited secretion of SDF-1α in SKOV3 cells in a time-dependent manner. Real-time PCR and Western blot analysis showing the effects of doxycycline on CXCR4 expression in both mRNA and protein levels in SKOV3 cells (C, E) and SKOV3/DDP cells (D, F). After treatment with doxycycline of indicated concentrations for 48 h, CXCR4 expression in both mRNA and protein levels were inhibited significantly in two cell lines. n = 3. \*, *p*\<0.05,\*\*, *p*\<0.01.](pone.0089841.g003){#pone-0089841-g003}

Doxycycline inhibits SDF-1α secretion in SKOV3 cells, but not in SKOV3/DDP cells {#s3f}
--------------------------------------------------------------------------------

As SDF-1α and its receptor CXCR4 play an important role in the process of tumor invasion and metastasis [@pone.0089841-Balkwill1], we then carried out ELISA assay to determine whether doxycycline could inhibit the secretion of SDF-1α in two cell lines. The results showed that in SKOV3, SDF-1α secretion was significantly decreased by treatment of doxycycline in a time-dependent manner, with the minimal level observed at 180 min ([Fig. 3B](#pone-0089841-g003){ref-type="fig"}). However, secretion of SDF-1α was not detected in SKOV3/DDP.

Doxycycline decreases CXCR4 mRNA and protein levels in SKOV3 and SKOV3/DDP cells {#s3g}
--------------------------------------------------------------------------------

CXCR4 could be activated by SDF-1α and is the only one of 14 chemokine receptors expressed in a subset of tumor cells in ovarian neoplasms and primary ovarian tumors [@pone.0089841-Scotton1]. In our experiments, cells were treated with different concentrations of doxycycline for 48 h, then CXCR4 mRNA and protein levels were examined by Real-time PCR and western blot analysis. We found that doxycycline inhibited CXCR4 expression at both mRNA ([Fig. 3C. D](#pone-0089841-g003){ref-type="fig"}) and protein levels ([Fig. 3E, F](#pone-0089841-g003){ref-type="fig"}) in both SKOV3 and SKOV3/DDP cell lines.

Cisplatin and Doxycycline inhibit cell viability through Akt and ERK pathways in SKOV3 but not in SKOV3/DDP cells {#s3h}
-----------------------------------------------------------------------------------------------------------------

It has been reported that cisplatin resistance of human ovarian cancer is related to activation of PI3K/Akt and ERK1/2 signaling pathways [@pone.0089841-Nonaka1]--[@pone.0089841-Yoon1], we then determined the potential involvement of these two pathways in cisplatin and doxycycline effects on ovarian cancer cell proliferation. After depleting Akt and ERK by siRNA ([Fig. 4A, B](#pone-0089841-g004){ref-type="fig"}), the MTT results showed that reduction of Akt and ERK expression could attenuate the inhibitory effect on proliferation when treated with cisplatin and doxycycline for 48 h in SKOV3 ([Fig. 4C, D, G, H](#pone-0089841-g004){ref-type="fig"}), but had no effect on proliferation of SKOV3/DDP cells ([Fig. 4E, F, I, J](#pone-0089841-g004){ref-type="fig"}).

![Cisplatin and Doxycycline inhibit cell viability through Akt and ERK pathways in SKOV3 but not in SKOV3/DDP cells.\
Reduction of Akt and ERK expression by Akt and ERK siRNA could attenuate the inhibitory effect on proliferation when treated with cisplatin and doxycycline for 48(C, D, G, H) but had no effect on proliferation in SKOV3/DDP cells (E, F, I, J) \*, *p*\<0.05; \*\*, *p*\<0.01.](pone.0089841.g004){#pone-0089841-g004}

Doxycycline inhibits SDF-1α-induced activation of Akt or ERK in SKOV3 but not in SKOV3/DDP {#s3i}
------------------------------------------------------------------------------------------

In order to understand whether SDF-1α-induced Akt and/or ERK phosphorylation in two cell lines can be inhibited by doxycycline, we performed a series of experiments with pre-treatment. Firstly, we investigated the phosphorylation of Akt and ERK in SKOV3 after SDF-1α treatment (50 ng/ml) for different time (0, 2, 5, 10, 20, 40 min). As shown in [Fig. 5A, B](#pone-0089841-g005){ref-type="fig"}, SDF-1α stimulated Akt and ERK phosphorylation in a time-dependent manner. The Akt and ERK were significantly phosphorylated and reached a maximum at 10 or 20 min after SDF-1α treatment. The similar experiments were then carried out in SKOV3/DDP. Notably, there was no activation of Akt and ERK after treatment of SDF-1α (data not shown). Further, we shortened the treatment time to less than 10 min. We still did not find any activation of Akt ([Fig. 5C](#pone-0089841-g005){ref-type="fig"}) while ERK activation was increased from 0.5 min and reached a maximum at 1 min ([Fig. 5D](#pone-0089841-g005){ref-type="fig"}). Next, SKOV3 cells were pre-treated with doxycycline (0, 5, 10 µg/ml) for 3 h, and then were applied with SDF-1α (50 ng/ml) for 10 min. Inhibition of phosphor-Akt and phosphor-ERK levels was observed after application of 10 µg/ml doxycycline ([Fig. 5E, F](#pone-0089841-g005){ref-type="fig"}). Application of doxycycline alone had no effect. Similarly, SKOV3/DDP cells were pre-treated with the same dose of doxycycline for 3 h, and then treated with SDF-1α (50 ng/ml) for 1 min. Doxycycline had no effect on Akt activation ([Fig. 5G](#pone-0089841-g005){ref-type="fig"}). SDF-1α-induced ERK phosphorylation could not be blocked by doxycycline at the dose of 5 or 10 µg/ml. ([Fig. 5H](#pone-0089841-g005){ref-type="fig"}).

![Western blot analysis showing the effects of doxycycline on SDF-1α-induced AKT/ERK phosphorylation in SKOV3 and SKOV3/DDP cell lines.\
After treatment of SDF-1α (50 ng/ml) for 0, 2, 5, 10, 20, 40 minutes, AKT (A) and ERK (B) phosphorylation in SKOV3 cells were augmented. When treated SKOV3/DDP with the same dose of SDF-1α for 0, 0.5, 1, 2, 5, 10 minutes, AKT phosphorylation (C) did not change, while ERK phosphorylation (D) was augmented significantly. Then, cells were pretreated with 0, 5, 10 µg/ml doxycycline for 3 h, then treated with SDF-1α (50 ng/ml) for 10 min (SKOV3) or 1 min (SKOV3/DDP), SDF-1α-induced AKT (E) and ERK (F) phosphorylation in SKOV3 cells were only inhibited when co-application with doxycycline at dose 10 µg/ml. In SKOV3/DDP cells, SDF-1α did not induce AKT phosphorylation (G) and enhanced ERK phosphorylation (H) could not be blocked by doxycycline at dose 5 or 10 µg/ml. n = 3. \*, *p*\<0.05, \*\*, *p*\<0.01, SDF-1α-treated groups *vs* control group. \#, *p*\<0.01, SDF-1α plus doxycycline co-treated groups *vs* SDF-1 treated groups.](pone.0089841.g005){#pone-0089841-g005}

Doxycycline upregulates pro-caspase-3 expression in SKOV3/DDP but not in SKOV3 {#s3j}
------------------------------------------------------------------------------

Caspase-3 is an important mediator of apoptosis and could also be associated with chemoresistance of human ovarian cancer [@pone.0089841-Yang1]. We then observed the changes in its expression in two cell lines after doxycycline treatment. Firstly, we compared Akt, ERK phosphorylation, CXCR4 and pro-caspase-3 expression between two cell lines. The results showed that there was no significant difference of Akt phosphorylation ([Fig. 6A](#pone-0089841-g006){ref-type="fig"}). ERK phosphorylation, CXCR4 and pro-caspase-3 expression in SKOV3/DDP were all lower than those in SKOV3 cells, respectively ([Fig. 6B, C, D](#pone-0089841-g006){ref-type="fig"}). Then, we treated two cell lines with 10 µg/ml doxycycline for different time (0, 0.5, 1, 2, 6, 12 h). As shown in [Fig. 6E](#pone-0089841-g006){ref-type="fig"}, pro-caspase-3 expression was increased significantly in SKOV3/DDP, while did not change in SKOV3.

![Western blot analysis showing the upregulation of pro-caspase-3 expression by doxycycline in SKOV3/DDP cells but not in SKOV3 cells.\
Comparison of Akt, ERK, CXCR4 and pro-caspase-3 expression in two cell lines. There was no significant difference of Akt (A) phosphorylation in the two cell lines. ERK phosphorylation (B), CXCR4 (C) and pro-caspase-3 (D) expression in SKOV3/DDP cells were all lower than those in SKOV3 cells, respectively. Pro-caspase-3 expression was increased significantly by doxycycline treatment in SKOV3/DDP cells, while did not change in SKOV3 cells (E). n = 3. \*, *p*\<0.05, \*\*, *p*\<0.01.](pone.0089841.g006){#pone-0089841-g006}

Doxycycline inhibits tumor xenograft {#s3k}
------------------------------------

As an attempt to determine whether doxycycline contributes to tumor inhibition in vivo, we used SKOV3.ip xenograft model in nude mice (BALB/c-nu). Fourteen days after injection of tumor cells, doxycycline (i.p. injection) was then administrated (3 mg/d/per mice) for the next 7 days. Tumor diameters, mice body weights and ascites levels in tumor group and doxycycline-treated group were analyzed. Compared with those in tumor group, the tumor diameter and the volume of ascites were decreased significantly in doxycycline-treated group ([Fig. 7B, C, F, G](#pone-0089841-g007){ref-type="fig"}). The degree of aggregation of tumor cells in doxycycline-treated group ([Fig. 7E](#pone-0089841-g007){ref-type="fig"}) was less than that in tumor group ([Fig. 7D](#pone-0089841-g007){ref-type="fig"}). Moreover, the body weight in doxycycline-treated group was approach to that in control group ([Fig. 7H](#pone-0089841-g007){ref-type="fig"}).

![Inhibition of doxycycline on tumor diameter and malignant ascites in SKOV3.ip tumor xenograft.\
(A) From the outside appearance, the abdomen of tumor group was bulging obviously (b) than the one in control group (a) and the one in doxycycline-treated group (c). Doxycycline inhibited the growth of tumor xenograft (B, F) and the volume of malignant ascites (C, G) significantly in doxycycline-treated tumor mice compared with those of tumor mice. (D) HE staining showed that the degree of aggregation of tumor cells in doxycycline-treated group (E) was much less than that in tumor group. (H) The body weight in tumor group was significantly lower than those of either control group or doxycycline-treated group. n = 6. \*\*, *p*\<0.01.](pone.0089841.g007){#pone-0089841-g007}

Discussion {#s4}
==========

Cisplatin is a chemotherapeutic drug for ovarian cancer. Besides the serious side effects, the cisplatin-resistance is also a big obstacle. Combination of some innocuous components with chemotherapy drugs is an emerging new strategy for cancer chemotherapy to further improve the efficacy and to minimize the side effects. Doxycycline is widely accepted as an antibiotic. In our experiments, we demonstrated that doxycycline not only has an inhibitory effect on ovarian cancer, but also can dramatically enhance the chemosensitivity to cisplatin.

However, the underlying mechanism is still unclear. Some researches have reported that the antitumor effect of doxycycline is associated with different levels of p53 in hepatocellular carcinoma [@pone.0089841-Lai1]. Another study demonstrates that doxycycline can induce apoptosis in human pancreatic and colon cancer cells through caspase-dependent way [@pone.0089841-Mouratidis1]--[@pone.0089841-Onoda1]. Our findings, for the first time, showed that doxycycline inhibited the secretion of SDF-1α in SKOV3, while similar phenomenon was not observed in SKOV3/DDP cells. Further research showed that doxycycline inhibited expression of CXCR4 at both mRNA and protein levels, suggesting its effect might be at transcription level. Western-blot analysis also indicated that CXCR4 expression in SKOV3/DDP was 20% lower than that in SKOV3. These results suggested that SDF-1α/CXCR4 axis may have different roles in doxycycline effects in the two cell lines. Several explanations may contribute to this phenomenon: 1) Upon activation, CXCR4 can mediate tumor metastasis. Tumor cells entering the blood or lymphatic systems will migrate and adhere to areas with high expression of SDF-1α. Breast cancer cells follow this pattern of metastasis [@pone.0089841-Allinen1]. Here we describe that SKOV3 cells can secret SDF-1α and it has higher expression of CXCR4. Furthermore, SDF-1α promotes the invasion of SKOV3 by nine-fold. Based on these data, we postulated SDF-1/CXCR4 axis played a critical role in the metastasis of SKOV3 cells by increasing the adhesion capability of cancer cells, but SKOV3/DDP might not. 2) Some other studies indicated that epigenetic mechanisms involved in the negative regulation of SDF-1α or CXCR4 expression may be necessary for tumor metastasis. Typical modification of SDF-1α or CXCR4 such as DNA methylation is associated with the inactivation of tumor suppressors. There is evidence that methylation of the SDF-1α promoter in the colonic epithelium promotes metastasis of tumors in the colon [@pone.0089841-Wendt1]. Additionally, in pancreatic cancer, the CXCR4 promoter has been found to be regulated by DNA methylation, resulting in lower CXCR4 mRNA and protein levels [@pone.0089841-Sato1]. Moreover, the C-terminal domain of CXCR4 also plays a major role in receptor regulation, particularly during the process of epithelial-to-mesenchymal transition (EMT). It has been reported that in MCF-7 mammary carcinoma cells, expression of the C-tail truncated mutant of CXCR4 results in a higher growth rate and EMT [@pone.0089841-Ueda1]. More importantly, recent evidence has indicated that processes of EMT plays a role in the development of chemoresistance [@pone.0089841-Hay1]. We thus propose that the modulation, such as the methylation of SDF-1α or CXCR4 promoter, or the existence of C-tail truncated mutant of CXCR4, might happen in SKOV3/DDP cells, which lead to almost no detection of SDF-1α and lower expression of CXCR4 and the consequent chemoresistance. Further experiments are required to elucidate the underlying mechanisms.

SDF-1α is also found in ascites fluid from ovarian cancer patients and promotes cancer development when binding to CXCR4 [@pone.0089841-Miyanishi1]. Accumulating data have implicated that SDF-1α/CXCR4 axis can cause mobilization of calcium, decrease of cyclic AMP with the cells and activation of multiple signaling pathways including PI3K/Akt and ERK1/2 [@pone.0089841-Ganju1]--[@pone.0089841-Sotsios1], which are known to play important roles in the regulation of cell proliferation and survival. In our experiments, Akt and ERK1/2 pathways were involved in doxycycline effect on cell proliferation of SKOV3 but not of SKOV3/DDP cells. However, there was no induction of AKT phosphorylation in SKOV3/DDP by SDF-1α treatment. Furthermore, phosphorylation of ERK was enhanced in the earliest time points of 2 minutes and doxycycline (5 and 10 µg/ml) treatment had no inhibitory effect on it. These results indicate that SDF-1α/CXCR4-regulated Akt and ERK activations are involved in the regulation of SKOV3 cells by doxycycline but not in the SKOV3/DDP cells.

Previous studies have shown that caspase-3 activity is markedly reduced and apoptotic ratios are significantly lower in cisplatin-resistant (A2780/DDP, COC1/DDP) ovarian cancer cell lines [@pone.0089841-Yang1]. In our study, the basic expression of caspase-3 was much lower in SKOV3/DDP than that in SKOV3. Doxycycline significantly increased the expression of pro-caspase-3 in SKOV3/DDP, but it had no effect on that in SKOV3. Combined with the MTT assay results showing that SKOV3/DDP cells were more sensitive to doxycycline, these results suggest that caspase-3 might be responsible for doxycycline sensitivity in SKOV3/DDP. The result, to some extent, was consistent with apoptosis assay that doxycycline caused moderate apoptosis in SKOV3/DDP, but had no significant effect on SKOV3. Therefore, caspase-3 might be new target for cisplatin resistance of SKOV3/DDP and making cells more sensitive to doxycycline, but the specific mechanism needs further study.

In vivo experiments, the dose of 0.15 mg/g/day (a mice weight about 20 g in our experiment) for i.p. in mouse was equal to that of about 180 mg/day for an adult with oral administration. It has been reported doxycycline at a dose of 200 mg/day/person exhibits few side-effects [@pone.0089841-Sun2].

In conclusion, our results experimentally showed that doxycycline can inhibit the progress of ovarian cancer and increase antitumor response of tumor cells to growth inhibition by cisplatin. From a mechanistic standpoint, doxycycline downregulates PI3K/Akt and ERK1/2 pathway through SDF-1α/CXCR4 axis in SKOV3 cells. In SKOV3/DDP, doxycycline upregulates the expression of pro-caspase-3, leading to the sensitization of cancer cells to doxycycline-induced inhibition of proliferation and increased apoptosis. The results provide a firm molecular basis for the pharmacologic effect underlying the use of doxycycline as a valuable therapeutic adjuvant. Given the safety of doxycycline, the present work should expedite the use of doxycycline in clinical trials.
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**MTT tests showing the viability of ovarian cancer cells HO8910 incubated with indicated concentrations of cisplatin (A) and doxycycline (B) for 48 h.** Cell viability was inhibited in a dose-dependent manner by treatment with cisplatin and doxycycline. Then, HO8910 cells were treated with different concentrations of two drugs in the indicated drug administration sequences. C, D showed that co-treatment with cisplatin (1.0 µg/ml and 1.5 µg/ml) and doxycycline (7.5 or 10 µg/ml) had a significant grow inhibition in HO8910 cells compared with that of cisplatin treated alone. n = 9. \*, *p*\<0.05; \*\*, *p*\<0.01.

(TIF)

###### 

Click here for additional data file.

###### 

**Inhibition of cisplatin on epithelial ovarian cancer cells invasion.** Cells were cultured in transwell with indicated doxycycline for 36 h. Cells coming though the membrane of the filter insert and staying in the lower side represents an ability of invasion. A, B showed that doxycycline decreased the invasion of SKOV3 and SKOV3/DDP cells by 1.4 and 1.7 folds respectively. n = 3,\*, *p*\<0.05,\*\*, *p*\<0.01.

(TIF)

###### 

Click here for additional data file.

All the experiments were carried out in the Department of Physiology, Second Military Medical University, Shanghai, China.
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